The primary addition reactions occur remarkably readily, the rate of reaction depending on the type of isocyanate and the compound containing the active hydrogen atom. Thus, aromatic isocyanates such as TDI and MDI are markedly more reactive than aliphatic isocyanates such as HDI, whilst the range of hydrogen atom reactivity varies widely. The stability of the final products also varies, urethanes derived from phenol being thermolabile.
Catalysts, chiefly basic in character, may also be used to promote reaction. They are particularly effective where two or more addition reactions are being carried out simultaneously.
Modified Isocyanates
The volatility of the primary isocyanates such as TDI and HDI precludes their use in non-factory applications. This difficulty is overcome in practice by polymerization to give isocyanurates or combination with polyols so that an isocyanate of much higher molecular weight is obtained. Small quantities of the primary isocyanate may remain, and the hazard in use is therefore governed by the amount remaining. These problems are of particular importance in the surface coatings industry. The purpose of this paper is to consider the problems associated with the use and industrial application of isocyanates from the standpoint of the manufacturer, who has the responsibility of ensuring the protection of his work force from the toxic hazards involved, and also of the industrial medical officer. Responsible employers readily accept the moral and legal responsibilities with which they may be confronted, and generally welcome such advice and assistance as they may be able to secure from those whose research has been concentrated in their field. Nevertheless, it should be understood that in the final analysis it is the employer who has to take the decisions and determine what shall be done.
Toxicity and Code ofPractice
The toxic hazards of isocyanates have already been very fully reported and are sufficiently well understood by the great majority of users. There are, of course, those who are prepared to suggest that the best way of dealing with such hazards is quite simply to avoid all use of the toxic materials, and this is certainly to be recommended to any manufacturer not prepared to take very seriously the consequences of'a'decision to continue using them in large-scale production. As a group of compounds, however, the isocyanates have opened the way to so many and to such important technological developments that this approach can scarcely be regarded as realistic. What is needed is a full understanding and appreciation of the risks involved and a code of working practice to achieve satisfactory environmental control. This code of practice will need tb cover a number of different aspects of the situation in the light of current knowledge, and will be much concerned with the problem of finding a satisfactory method of monitoring both the atmospheric environment for the presence of isocyanates, and the population working within that environment.
Tolylene Diisocyanate Although a considerable range of diisocyanates is now commercially available, and has varied and valuable industrial applications, there is little doubt that the most important, both commercially and toxicologically, is tolylene diisocyanate (TDI) .
TDI is today used on a very large scale in the manufacture of flexible foams. In this process the isocyanate is reacted with a polyhydroxyl resin in a highly exothermic reaction controlled by the addition of appropriate catalysts. As a result of the exotherm, significant quantities of TDI vapour may appear in the atmosphere, and in concentrations substantially above the present threshold limit value (TLV) of 002 ppm.
Both acute and chronic changes have been reported in the respiratory function of workers exposed to TDI (Brugsch & Elkins 1963 , Fuchs & Valade 1951 , Gandevia 1963 , Munn 1965 , Williamson 1965 , Zapp 1957 and although some of these may well be attributable to the direct irritant action of TDI, there is little doubt that a proportion of workers develop a hypersensitivity which is capable of giving rise to symptoms at very low levels of exposure, almost certainly below the present TLV.
Investigations of the chronic and long-term effects of isocyanate exposure have thus far been concentrated on the study of respiratory function amongst exposed workers (Peters et al. 1968 ), and Peters' observations have led him to suggest that the present TLV is possibly fixed at too high a level. However, one of the major obstacles to an investigation of this type has been the absence or the inadequacy of reliable aerometric data on the working environment.
Employers' Responsibilities
Before giving more detailed consideration to this particular aspect, it is worth reviewing the problems which confront the employer. It is his concern to establish, with the aid of medical advice, a work force that has been screened for previous respiratory disease, and checked for existing evidence of impaired respiratory function. He must then use this population in a work situation where there is close control and supervision of environmental conditions, and ensure that the need for stringent safety precautions in the handling of isocyanates is fully understood. It is probable that he will also see the wisdom of instituting regular medical checks on his work force to guard against the emergence of insidious long-term effects of low-dosage exposure. Leaving aside the generally accepted need for the imposition of high safety standards and precautions for the safe handling and use of isocyanates, there remain the two specific requirements which are to monitor the population at risk, and to monitor the atmospheric isocyanate levels.
Medical Supervision
As far as the population is concerned, it is desirable to embark on a carefully planned programme of medical supervision prior to first employment on isocyanate processes. Such preemployment screening is valuable for two reasons. It provides an opportunity to 'select out' those with a history of asthma or other respiratory disease, and it provides the occasion for the recording, amongst those accepted for employment, of relevant medical data to be used as a base line in subsequent follow-up examinations. These data should certainly include a simple test of respiratory function such as the FEV1, and a full-size chest X-ray may also be advisable. Radiological abnormalities in workers exposed to isocyanates may not be highly significant, but they have been reported (Blake et al. 1965) .
Periodic in-service examinations may similarly be regarded as an indispensable aid to the monitoring of potentially exposed workers, and here again a reliable test of respiratory function is the essential component. Detection of early symptoms or signs of isocyanate exposure may give a lead to an unsuspected area of hazard, and valuable epidemiological evidence will be accumulated.
Atmospheric Monitoring
The environmental control of the factory atmosphere presents special problems on account of the rather unsatisfactory nature of existing techniques for the detection, at the very low concentrations required, of free isocyanate. The present TLV is uncomfortably close to the limits of chemical estimation, and reliance upon Marcali's methodor modifications of his method (Marcali 1957 , Reilly 1963 ) -has meant that we have thus far had to be content with periodic sampling of the atmosphere at predetermined points in the environment. Atmospheric concentrations of isocyanate are liable to very substantial variation over any given period of time, and may be significantly influenced not merely by the nature of the process, but also by factors such as temperature, humidity, ventilation control and accidental spillage. Under existing systems of monitoring it is possible that occasional high peaks of isocyanate concentration could altogether escape detection. The ideal solution is to provide a system of constant monitoring, not at any fixed point in the factory, but related directly to the man working on thejob. A number of workers are engaged on this problem, and although little has so far been published, some progress has been made. The development by ICI of a new test paper method for the determination of TDI in air (ICI Dyestuffs Division 1967) has made an important contribution by reducing some of the complexities of the Marcali method without any sacrifice of accuracy. It is the further development work based upon this technique which at present seems to offer the best prospect of further advance. Although simpler in application, the test paper method has hitherto suffered from the same basic disadvantage as the Marcali method, in that only periodic sampling of the atmosphere has been possible. It is also time consuming, and dependent very much upon the skill and reliability of the technician who, with his portable air sampler, moves from point to point, drawing 5 litre samples of air through the test tape. Naturally, he will select those points in the factory where it is considered that a hazard is most likely to exist, and these will certainly include the area immediately adjacent to the foaming head of the Hennecke foaming machine. Polyurethane foam is produced from this machine in vast quantities, and more than a ton of foam is produced every ten minutes, The exothermic reaction builds up swiftly as the foam passes down the conveyor, and is complete by the time the product emerges only minutes later in finished loaf form.
To overcome the problem of having to provide an itinerant technician with a portable airsampling machine, a current modification is to substitute at some central point an automatically timed sequential sampling device which draws air samples by pipeline at timed intervals in turn from 12 different fixed sampling points. In this 12~* 0 ::.i;lll" case test paper is inserted into each of the sampling heads which are located at the fixed points, and simply has to be removed periodically for inspection and replaced with fresh test paper. Workers may also be exposed to isocyanate from the individual moulds used in the manufacture of car seat cushions and other pre-formed products.
In fact, they are protected by extremely efficient exhaust ventilation drawing the fumes directly away from them, but a fixed sampling head should nevertheless be located immediately above the moulds at that point where the reaction is likely to be at its most vigorous.
The next stage in the development of monitoring techniques is designed to remove much of the present burden of responsibility on the individual technician. The incorporation of a photo-electric comparator into a portable air sampler makes possible the inclusion of an automatic warning device, either audible or visual, which is triggered as soon as the isocyanate level rises to the TLV (Fig 1) . This instrument has now been developed by the Dunlop Company, and essentially incorporates an air sampler, a photo-electric comparator, linked to a specially calibrated galvanometer, and the automatic warning device.
In the course of development is a similar automatic monitor linked to a constantly moving cassette-loaded test tape (Fig 2) , and here for the first time we have the highly desirable capability for constant monitoring. The problem of delay resulting from the tape development time does, of course, remain, but to have secured the possibility of audible or visual warning of increasing isocyanate concentrations only 10-15 minutes after the event does represent a very considerable advance.
A TDI monitor of this type would provide on the test tape a continuous and permanent record of atmospheric isocyanate levels experienced at the sampling point through each working day, and the information could also be transmitted to a continuous chart recorder to facilitate observation and the storage of aerometric data. Such a monitoring device can be produced at relatively small cost enabling a number of such monitors to be placed at appropriate points throughout the factory.
A third stage of development which is projected, but not as yet beyond the drawing board, envisages the micro-miniaturization of these components. This could make it a practical possibility to install monitoring devices very conveniently in safety helmets worn at work by those employed on isocyanate processes. Such a device, which could be in production within 12 months, would go a very long way towards solving the problems of satisfactory environmental control. Dr A Munn (ICI Dyestuffs Division) read a paper those normally used in any storage space containing on Industrial Hazards of Isocyanates. combustible material.
DISCUSSION
Dr A J Robertson (Liverpool) said that he had seen about 6 patients now who had been exposed to TDI from vapour in an enclosed area. Men who did grouting around submarine missile tubes were properly protected whilst working, but unfortunately the foreman in charge of such workers was not the foreman in charge of other trades and often the system was to separate parts of a submarine by means of hardboard partitions, a quite ineffective method of protection. He asked how interunion discipline could be enforced when in the shipbuilding industry there were many unions and no single person in charge of occupational hygiene.
Dr J E Cotes (MRC Pneumoconiosis Research Unit)
asked Dr Lowe if the hazard with urethane material was confined to its manufacture or if there were other circumstances when breakdown products could be dangerous, for example in the event of fire.
Dr Lowe pointed out that the hazards arising in manufacture stemmed principally from the isocyanates. The urethane grouping itself, however, did break down on heating, and at high temperatures urethane foams behaved in the same way as did other materials containing carbon, hydrogen and nitrogen, such as wool, nylon, &c. Dr A Parry Jones (Taunton) asked at what points in the manufacturing process of polyurethane foam there were special fire hazards.
Mr Buist said that the main fire hazards occurred in the manufacture and storage of flexible foam blocks. Exothermic heat was produced during the manufacture of flexible foam and temperatures as high as 166°C had been recorded in the centre of large blocks of low density foam immediately after manufacture.
There could be a danger of spontaneous combustion when the foam was incorrectly formulated or processed so that there was an excess of isocyanate present after manufacture. If sufficient unreacted isocyanate end-groups were present, the temperature would rise until oxidation commenced in the centre of the foam block, causing a rapid acceleration of the temperature rise and the possibility of a fire. The ideal preventive measure was to control the proportions of the raw materials being metered to the foammaking machine so that a gross local excess of isocyanate could not occur. Suitable engineering devices existed to achieve this ideal.
Control of the fire risk was obtained by subdivision of the factory and the provision of suitable firefighting equipment. The block-cooling area, where the risk of spontaneous combustion might exist, was isolated from both the machining and the cutting areas by fire walls. Once the blocks had cooled, they could be passed to a block store or to the cutting and fabricating area. Any danger of spontaneous combustion had now passed and the fire precautions were Dr Robert Murray (Trades Union Congress) asked why it was that when this hazard had been known since 1951 it was only now that an instrument had been produced for measuring the extent of the hazard.
Dr Parkes replied that the original observations of Fuchs & Valade (1951) had been concerned primarily with the acute effects of exposure to TDI. Only recently had it been suggested that there could be more insidious hazards resulting from long-term low-level exposures, and it was in this context that the need for accurate and constant monitoring of atmospheric isocyanate concentrations at levels around the TLV of 002 ppm had become apparent. It should be appreciated that there were still very considerable technical problems to overcome in order to achieve this, but the monitoring system currently being developed at the Dunlop factory in South Wales, in collaboration with ICI, was probably in advance of any system in use elsewhere.
It therefore followed that, although chemical techniques for the estimation of atmospheric isocyanate concentrations had been available for some time (certainly since 1957), there was now the prospect of having available the means to achieve, without loss of accuracy, a virtually automatic and continuous environmental control system. Dr B W Duck (London) said he would be interested to know what method was recommended for the disposal of bulk quantities of waste isocyanates. Inactivation by chemical treatment was recommended for relatively small amounts, but it would be tedious to divide a large quantity into smaller lots for this purpose. It had been suggested that burning might be a reasonable approach, provided this took place under carefully controlled conditions where combustion products were safely carried away by tall chimneys. Clearly, burning on open fires would be quite out of the question. He asked what advice could be given on this particular problem.
Dr Lowe said that the accidental spillage of isocyanates could be dealt with adequately by treatment with decontaminants based on ethanol and water. Larger amounts, such as drums, posed more of a problem. Where possible the packages should be broken down for treatment with decontaminants but if this was not possible advice on the most appropriate procedure should be sought from the isocyanate manufacturers. It was unlikely that burning would be recommended since the degree of control of the products of combustion and of the isocyanate vapour itself would be very poor. It would probably be more practical to rely on the slow deterioration of the isocyanate by reaction with water. These conditions might be met by burial on land or sinking in the sea. Again, detailed advice would be needed in each case in order to ensure that no untoward after-effects were encountered. Dr D L Caldwell ( Wallasey) said that he had seen only 3 cases of exposure to TDI, only one of which was under his clinical care. This was a man who had received heavy exposure and remained persistently disabled by dyspncea; though he could scarcely walk across the room and his vitalograph tracings showed a very bad respiratory function, Dr Colin Ogilvy, who carried out full respiratory function tests upon him, reported all as normal. Dr Caldwell felt that although there was a large element of compensation neurosis in this case, there was also genuine persistent disablement.
The second patient was a fit young man who, following exposure to TDI, had become so sensitized that he only had to go into a shop where the substance was being sprayed and he had an attack of asthma. When he was away from the atmosphere he was perfectly fit.
The third case was another one of very heavy exposure who appeared to remain persistently breathless with some diminution of FEV, and vital capacity, and whose breathlessness appeared to be aggravated by alcohol.
Dr Caldwell expressed disappointment that the speakers had not given more descriptions of clinical cases of TDI exposure.
Dr W M Dixon (London) said he had seen 2 cases of allergic bronchial asthma in a factory in which TDI had never been used. Both workers had been exposed to a fine droplet spray of MDI during maintenance and testing of a dismantled mixing head. As MDI did not vaporize at room temperature he asked how this toxic effect had occurred; he had always assumed MDI to be safe because of its higher temperature of vaporization. He also suggested that a register of cases of isocyanate sensitivity should be established by a joint research committee of the British Tuberculosis Association and the Society of Occupational Medicine.
Dr A 0 Robson (High Wycombe) said that he saw a number of cases of 'French polishers' who in fact did not French polish but sprayed furniture with MDI or cellulose sprays. A number of them got respiratory symptoms and he wondered whether this was due to MDI or if it could be one of the catalysts. Dr A Munn replied that the inhalation of droplets of MDI could certainly bring about an attack of an asthmatic type of bronchitis. Such symptoms could be attributed to the primary irritant effect of MDI, and did not represent sensitization. Sensitization might follow, in which case respiratory symptoms might be experienced after exposure to MDI at ambient temperatures. Whilst it was true to say that MDI was of low volatility at ambient temperature, it was misleading to suggest that it did not volatilize at all. Atmospheric concentrations of vapour above, or even approaching, the Threshold Limit Value would not occur at room temperature, but sensitized individuals might develop respiratory symptoms from exposure to concentrations well below the TLV, levels which might be so low that they could not be measured at all. With MDI, such cases were rare. The range of clinical effects of tolylene diisocyanate (TDI) on the respiratory system has been summarized by Brugsch & Elkins (1963) . The asthma-like syndrome is perhaps the most widely known effect of TDI.
Studies of Isocyanate Toxicity
Gandevia (1963) and Williamson (1965) reported on acute changes in ventilatory capacity occasioned by exposure to relatively high concentrations of TDI. Because of this we were curious to see if low concentrations of TDI would produce changes in ventilatory capacity.
Our first survey involved 38 workers involved in pouring polyurethane foam. The factory was modem and by appropriate ventilation air concentrations had not been found to exceed 0-02 ppm, the threshold limit value.
Ventilatory capacity was assessed by recording forced vital capacities on a 13-5 litre spirometer with a fast kymograph speed of 1920 mm/min. Five readings were recorded before and after the day shift. From these tracings we derived the FVC, FEV1, and flow rates at various lung volumes. For simplicity the FEV1, the mean of the last 3 of 5 trials, was used as the principal index of ventilatory capacity. In addition a standard respiratory questionnaire was administered. The measurements of ventilatory capacity were made on Monday after a weekend of no exposure.
Of 38 workers studiecL to determine acute changes during a day, 34 showed a decline in FEV1 with a mean fall of 0-22 litres. The highest concentration of TDI noted during this day was 0-003 ppm. On Friday afternoon the measurements were repeated and the FEV1 was still depressed. Complete details of this part of the study appear elsewhere (see Peters et al. 1968 ).
We were somewhat surprised at the magnitude and the consistency of these changes in FEVy with the very low levels of TDI. This led us to conduct a similar survey six months later. In addition to measurement of FEV1 made Monday morning and afternoon, we also determined the FEV1 on Tuesday morning and afternoon. This
